Background-Transferrin (Tf) is an iron-binding protein that facilitates iron-uptake in cells. Iron-loaded Tf first binds to the Tf receptor (TfR) and enters the cell through clathrin-mediated endocytosis. Inside the cell, Tf is trafficked to early endosomes, delivers iron, and then is subsequently directed to recycling endosomes to be taken back to the cell surface.
Introduction
Transferrin (Tf) is an iron-binding protein that facilitates iron-uptake in cells. Iron-loaded Tf, also known as holo-Tf, binds to the Tf receptor (TfR) and enters the cell through clathrin-mediated endocytosis [1] . Two types of Tf receptors exist, TfR1 and TfR2 [2] . TfR2 is a close homologue of TfR1 showing 45% identity in the extracellular domain [3] . TfR2 is predominantly found in tissues responsible for regulating iron metabolism such as the liver and small intestine whereas TfR1 distribution is less restricted [4] [5] . TfR2 has an approximately 25-fold reduced holo-Tf affinity compared to TfR1 and is believed to function in overall iron metabolism in addition to cellular iron uptake [6] . In this review, we focus mainly on TfR1 which will be referred to hereafter as simply TfR.
When ligands, such as holo-Tf, are internalized into the cell through clathrin-mediated endocytosis, as shown in Figure 1 , endocytosed ligands are sorted along the trafficking pathway into three main populations of endosomes: early endosomes, late endosomes, and recycling endosomes [7] . Studies suggest that ligand sorting begins at the cell surface, separating ligands into two distinct types of early endosomes with different maturation kinetics: dynamic or static [8] [9] . Early endosomes maturing quickly into late endosomes comprise the dynamic population, whereas the slower-maturing endosomes comprise the static population. Ligands destined for degradation, such as low-density lipoprotein (LDL), have been shown to be preferentially trafficked to the dynamic population of early endosomes [8] . Tf, on the other hand, follows the recycling pathway and indiscriminately enters both populations of early endosomes [8] . However, since the population of static early endosomes is much greater than that of the dynamic early endosome, Tf becomes enriched in the static population of early endosomes. This pre-early endosomal sorting process is believed to be the first step in the segregation of cargo destined for degradation from those intended to be recycled back to the cell surface.
Both populations of early endosomes undergo a second sorting process to direct cargo intended for recycling to the recycling pathway. This sorting process is initiated with the development of tubular formations in early endosomes, which eventually separate and shuttle cargo either directly back to the cell surface or to the perinuclear endocytic recycling compartment [10] . These two different recycling routes differ in time, since routing through recycling endosomes takes longer than directly being trafficked to the cell surface from the early endosomes [8, 11] . Since Tf is contained within both dynamic and static early endosomes, these tubular formations function to traffic Tf to the recycling pathways from both populations of early endosomes. Ligands intended for degradation remain in the early endosomes, which then mature into late endosomes that subsequently proceed toward the degradation pathway involving lysosomes [12] . An overall diagram of Tf trafficking is shown in Figure 1 . For more detailed diagrams of the Tf trafficking pathway, please see reviews by Conner and Schmid [13] and Grant and Donaldson [14] , which describe the clathrin-mediated endocytosis and recycling pathways, respectively.
Tf internalization via clathrin-mediated endocytosis and subsequent intracellular trafficking through recycling pathways have been extensively studied. Here, we aim to review the cellmachinery components involved, as well as the methods and techniques that researchers have employed for elucidating the Tf trafficking pathway. These experimental methods can be categorized as microscopy, radioactivity, and surface plasmon resonance (SPR). Microscopy provides a qualitative assessment for determining which cellular machinerycomponents are involved and the intracellular locations where they function. Radioactivity and SPR, on the other hand, are primarily used in conjunction with mathematical models to determine quantitative information regarding the kinetics of Tf binding, internalization, and recycling. This quantitative information can then be used in mathematical models to identify design criteria for improving the drug delivery efficacy of Tf. Thus, we have structured this review into two main parts. The first part focuses on microscopy experiments that have been performed to elucidate which cellular-components are involved in Tf intracellular trafficking and their locations of action. The second part focuses on radioactivity and SPR experiments, as well as the corresponding mathematical models, which allow us to estimate rate constants for different steps in the intracellular trafficking pathway.
Adaptor protein complex 2 (AP-2)-
In one study, the Robinson research group determined that AP-2 is necessary for Tf internalization through using electron microscopy [27] . Thin-section electron microscopy was used to visualize clathrin-coated pits and vesicles identified by the characteristic bristles on the cytosolic side of the vesicles [17] . Figure 2 shows the clathrin-coated pits and vesicles formed during clathrin-mediated endocytosis of Tf. Specifically, TfR antibodies conjugated to gold colloidal particles were used to visualize the clathrin-coated vesicle formation, noted by the collection of gold particles within the clathrin-coated pits and vesicles which are indicated by the black arrowheads. Robinson and coworkers then determined if AP-2 was necessary for Tf internalization by examining how the frequency of clathrin-coated pit formation was affected by AP-2 depletion. Knockdown of AP-2 was accomplished using siRNA against the μ2 subunit of the AP-2 protein complex. Upon doing so, the researchers observed a significant decrease in clathrin-coated vesicles, verifying a role of AP-2 in clathrin-mediated endocytosis of Tf.
Conner and Schmid used fluorescent microscopy to qualitatively examine the uptake of fluorescently-labeled Tf, while AP-2 was inhibited with adaptor-associated kinase 1 (AAK1) [28] . AAK1 is responsible for phosphorylating AP-2, whereby an overexpression of AAK1 causes a decrease in AP-2 function. Using adenoviral-mediated overexpression of AAK1 to inhibit AP-2, Tf uptake was found to be reduced, as noted by its decreased fluorescent intensity within cells, further verifying AP-2 involvement in the clathrin-mediated endocytosis of Tf.
2.1.3. PtdIns(4,5)P 2 -Phosphoinositides have also been identified as secondary components mediating vesicle transport [29] . One phosphoinositide, namely phosphatidylinositol (4,5)-bisphosphate, or PtdIns(4,5)P 2 , plays an essential role in regulating clathrin-mediated endocytosis [19, [29] [30] [31] [32] [33] [34] . Specifically, PtdIns(4,5)P 2 interacts and binds with the α and μ2 subunit of AP-2, an adaptor protein complex responsible for recruiting clathrin to sites of bound ligands [34] [35] . A study by De Camilli and coworkers [30] examined the effects of Tf uptake after inactivating PtdIns(4,5)P 2 with a recently developed rapamycin-induced heteroligomerization strategy [36] . This method, which is able to quickly deactivate PtdIns(4,5)P 2 , employs a phosphatase, namely Inp54p, to dephosphorylate PtdIns(4,5)P 2 . However, Inp54p is mainly present in the cytosol whereas clathrin formation occurs at the surface. To overcome this, Inp54p needs to be brought to the cell surface. This was accomplished by conjugating Inp54p to FKBP, a protein, which when under the presence of rapamycin, will crosslink to mTOR, a plasma membrane-localized protein. Thus, the addition of rapamycin to cells brings Inp54p-FKBP conjugates, initially localized in the cytosol, to the cell surface within close enough proximity to dephosphorylate and inactivate PtdIns(4,5)P 2 where clathrin-coated pit formation occurs. Using spinning-disk confocal microscopy, a reduction of internalized fluorescently-labeled Tf was observed when iRAP, an analogue of rapamycin, was added. Furthermore, inactivation of PtdIns(4,5)P 2 via rapamycin also eliminated the presence of clathrin in clathrin-coated pits as determined by total internal reflectance fluorescence (TIRF) microscopy, which is described below. These results confirm the role of PtdIns(4,5)P 2 as one of the machinery components involved in the regulation of clathrin-mediated endocytosis of Tf.
TIRF microscopy is a visualization method that can be used to capture events near the plasma cell membrane [37] . Its use for imaging clathrin dependent endocytosis was developed by the Almers research group [38] . This method uses total internal reflection at a solid/liquid interface to create an electromagnetic wave that exponentially decays in the liquid containing the sample. Due to the exponential decay of the wave, it results in only exciting fluorophores within 100 -200 nm of the cell membrane without exciting regions deeper in the cell. This in turn leads to images with low background and less out-of-focus fluorescence [37] . The temporal and three-dimensional resolution capabilities of this method allows for real-time imaging of vesicle formation and movement within the cell [39] .
Additional studies performed by the Meyer research group have also verified PtdIns(4,5)P 2 as responsible for mediating AP-2 recognition and recruitment of surface bound ligands [33] . As in the previous studies, PtdIns(4,5)P 2 was reduced by the rapamycin-induced heteroligomerization method. Using laser-scanning confocal microscopy, PtdIns(4,5)P 2 inactivation was shown to result in decreased Tf internalization as shown in Figure 3 . Furthermore, PtdIns(4,5)P 2 inactivation increased the levels of TfR at the surface, as visualized through using immunofluorescence, or fluorescent antibodies against TfR. To visualize the effect of PtdIns(4,5)P 2 inactivation on AP-2 association at the cell surface, AP-2 immunofluorescence in conjunction with TIRF microscopy were used to visualize clusters of AP-2 at the cell surface. The results showed that when PtdIns(4,5)P 2 is inactivated, AP-2 is diffuse over the cell surface. However, in control cells with normal PtdIns(4,5)P 2 activity, AP-2 clusters were distinct at segregated locations in the plasma membrane. PtdIns(4,5)P 2 inactivation also led to loss of cell surface clustering of fluorescently-labeled Tf, as visualized with scanning-laser confocal microscopy. In another experiment using TIRF imaging of fluorescently-labeled clathrin, PtdIns(4,5)P 2 inactivation was shown to have minimal effect on clathrin assembly. Together, these results suggest that PtdIns(4,5)P 2 is a primary regulator of AP-2 and not directly of clathrin assembly itself.
2.1.4. Dynamin 2, cortactin, and src kinase-When Tf binds TfR on the cell surface, it activates a cascade believed to mediate its specific endocytosis into the cell [39] [40] . This endocytosis cascade has been shown by McNiven and coworkers to require src kinase, dynamin 2 GTPase, and the actin-binding protein, cortactin, [39] . Dynamin 2 and cortactin together are activated by the src kinase to regulate the actin dynamics that control vesicle formation upon ligand binding [41] . The McNiven research group used TIRF microscopy to visualize dynamin 2 and cortactin dynamics during clathrin-mediated endocytosis of Tf. Their results showed that dynamin 2 levels increased significantly upon the addition of Tf. Dynamin 2 was found to form rings at the cell surface where vesicles eventually formed. Furthermore, cortactin was observed to associate with dynamin 2 just prior to vesicle scission. This coincided with an observed depletion of TfR at the cell surface which confirms that Tf was being internalized concurrently with vesicle formation.
Using immunoprecipitation against TfR, followed by Western blot analysis, the McNiven group observed association of cortactin and dynamin 2 to TfR in cells cultured with Tf. This suggests that the binding of Tf to the cell surface may induce recruitment of endocytic machinery involving dynamin 2 and cortactin at its binding site. To determine whether dynamin 2 and cortactin were being activated during Tf internalization, 32 P was used to label all cell proteins. Upon lysing the cells, collecting the proteins via immunoprecipitation, and separating the proteins by SDS-PAGE, subsequent autoradiography results showed increased phosphorylation levels of dynamin 2 and cortactin, as indicated by their increased band intensity, in cells exposed to Tf. To determine whether src kinase is responsible for activation of dynamin 2 and cortactin, McNiven and coworkers added increased levels of src kinase to dynamin 2 and cortactin purified from Escherichia coli. As expected, they observed an increase in band intensity of phosphorylated dynamin 2 and cortactin, suggesting that src kinase was responsible for activation. Furthermore, these endocytic machinery proteins have been known to be phosphorylated on tyrosine residues [42] . Defective forms of dynamin 2 and cortactin, mutated at the tyrosine phosphorylation sites, also showed minimal phosphorylation. These results suggest that src kinase is likely responsible for activating dynamin 2 and cortactin.
Early and late endosomes
As mentioned earlier, after clathrin-mediated endocytosis into the cell which is regulated by AP-2, PtdIns(4,5)P 2 , dynamin2, cortactin, and src kinase, Tf indiscriminately enters into two populations of early endosomes that exhibit either fast or slow maturation kinetics. Specifically, the dynamic population of early endosomes matures faster than their static population counterparts [8] . The sorting process for directing cargo to either of these populations is believed to begin at the cell surface [9] . Since Tf is trafficked through early endosomes, it can be used as a tool to stain early endosomes and subsequently help reveal whether ligands of interest are traveling through this pathway as well. For example, the trafficking pathway of viruses, such as the human adenovirus, through the early endosome has been examined using this method [43] . Tf has also been used to determine whether proteins internalized via clathrin-independent endocytosis come in contact with early endosomes that contain cargo from clathrin-dependent endocytosis [44] .
2.2.1. Dynamic and static populations of early endosomes-Zhuang and coworkers identified the static and dynamic populations of early endosomes using real-time live-cell fluorescent imaging and Rab GTPase markers of the early and late endosomes [8] . Rab GTPases are specifically associated with different organelles within the cell. For example, Rab5 and Rab7 are mainly present in early and late endosomes, respectively [45] . In their experiments, the researchers used fluorescently-labeled Rab5 to stain early endosomes, while fluorescently-labeled Rab7 was used to stain the late endosomes. Realtime imaging allowed the researchers to visualize the development of the early and late endosomes with temporal resolution. Their results suggested the presence of two distinguishable populations of early endosomes: dynamic and static. This was due to the fact that only a low fraction of Rab5-positive, or early, endosomes were observed to mature rapidly into late endosomes as noted through their acquisition of Rab7, a late endosome marker, within approximately 30 seconds of formation. These rapidly maturing endosomes comprise the dynamic group of early endosomes. Conversely, the majority of the early endosome population does not acquire Rab7 within 100 seconds and comprise the static, slower maturing, group of early endosomes.
2.2.2.
Tf is indiscriminately trafficked to both dynamic and static early endosomes-Zhuang and coworkers also examined the trafficking of LDL and Tf, which are known to follow degradation and recycling pathways, respectively [8] . Again using realtime fluorescent imaging of live cells, the researchers were able to show that a majority of LDL was trafficked to dynamic endosomes containing both Rab5 and Rab7 soon after clathrin-mediated endocytosis. This suggests that cargo destined for degradation, such as LDL, will be preferentially trafficked to dynamic early endosomes. On the other hand, Tf showed no preference and was sorted into both static (Rab5-associated) and dynamic (Rab5 and Rab7-associated) populations. Nonetheless, since the population of static early endosomes is much greater than the population of dynamic early endosomes, Tf naturally becomes enriched in the static early endosome population.
2.2.3.
Pre-early endosomal sorting occurs at the cell surface-It is hypothesized that the sorting of cargo into different endosomal compartments begins at the cell surface [9] . Studies by Corvera and coworkers indicate that segregation of Tf at the plasma membrane occurs immediately after binding and is likely the cell's initial cargo sorting mechanism [9] . In their experiments, TIRF microscopy was utilized due to the method's temporal resolution and its high sensitivity to fluorophores within 100 -200 nm of the cell surface. Fluorescent epidermal growth factor (EGF) and Tf were incubated in cells as they are known to follow the degradation and recycling pathways, respectively. Within 60 seconds of addition, both EGF and Tf had bound to the cell surface and had already separated into distinct groups while exhibiting minimal colocalization with each other. Figure 4 shows a TIRF microscopy image of Tf (green) and EGF (red) within 60 seconds of addition to the cell. Both EGF and Tf separate into distinct groups while exhibiting minimal colocalization. The researchers hypothesize that this separation of ligands may be due to segregated regions of receptors in the plasma membrane. Nonetheless, the mechanism by which ligand sorting at the cell surface eventually leads to two different populations of dynamic and early endosomes is unclear. Two possible mechanisms are suggested by the Corvera research group: (i) internalization of segregated ligand clusters occurs directly into distinct vesicle compartments, or (ii) ligand clusters migrate to clathrin-coated pits before being internalized into dynamic or static early endosomal compartments. Additional experiments to elucidate and confirm the mechanism of ligand sorting at the surface to the different populations of early endosomes remains to be resolved.
The pre-early endosomal sorting process at the cell surface has also been shown to rely on adaptor proteins which are an important constituent of vesicles and believed to be involved in cargo recruitment. The Zhuang research group investigated the role of AP-2 in producing early or late endosomes [8] . Similar to before, static early endosomes were distinguished by their continued association with Rab5, an early endosome marker. Conversely, dynamic early endosomes exhibiting quicker maturation kinetics were identified through coassociation of Rab5 and Rab7, a late endosome marker. Using siRNA against the μ2 subunit of AP-2, they found that it subsequently caused a significant decrease in the static (Rab5 associated) early endosome population while not affecting dynamic (Rab5 and Rab7 coassociated) early endosomes. In other words, AP-2 depletion caused the fractional population of dynamic early endosomes to increase, while that of static early endosomes decreased. Since a knockdown of AP-2 leads to a decrease in the formation of static early endosomes, but not dynamic early endosomes, it suggests that the AP-2 adaptor protein complex likely plays a role in allowing the entry of cargo destined for the static early endosome population. On the other hand, since dynamic early endosomes remain unaffected by AP-2 knockdown, endocytosis into this population is likely independent of the AP-2 protein complex.
Studies also indicate that ligand sorting into the distinct groups of early endosomes is dependent on microtubule engagement. Zhuang and coworkers observed that endocytosed cargo destined for dynamic early endosomes typically engage microtubules on a much larger scale than cargo destined for the static early endosome population. Using real-time fluorescent imaging of live cells, dynamic early endosome populations were shown to be highly mobile, while a disruption of microtubules prevented selective sorting to the different early endosomes [8] . To prevent microtubule formation, nocodazole, an agent that interferes with microtubule polymerization was used. LDL and influenza, which mostly join dynamic early endosomes, were found to lose their selective sorting into dynamic early endosomes upon microtubule inhibition. Tf, which did not have selective sorting into the different early endosome compartments to begin with, was still directed to their original endosomal locations under microtubule inhibition. The researchers hypothesize that newly endocytosed vesicles would need to be able to rapidly engage microtubules in order to encounter and fuse with the dynamic early endosomes that are also mainly moving on these microtubules themselves. The researchers infer that microtubule engagement is necessary for ligand sorting between dynamic and early endosomes.
Tf Recycling
Once in the early endosome, cargo is sorted to their corresponding degradation or recycling pathways. Cargo intended for recycling can return back to the cell surface through either a fast route of being directly transported back to the plasma membrane, or alternatively, through a slower route of being trafficked first to recycling endosomes before returning to the surface [14, 46] . Cargo intended for degradation remain in the early endosomes as they mature into late endosomes, which eventually lead to the degradation pathway. The recycling from early endosomes is controlled by various GTPases and their regulators, as well as actin regulators [14] . Due to its pathway through recycling endosomes, Tf can be used as a tool to elucidate the trafficking pathways of other ligands that proceed through recycling pathways, such as the E-cadherin protein, anthrax toxin receptor 1, and mouse polyomavirus [47] [48] [49] .
2.3.1. Early endosomal sorting of Tf to recycling pathways-The recycling of Tf to the cell membrane from both dynamic and static early endosomes has been observed by the Zhuang research group, where tubular formations, containing cargo destined for recycling, develop and eventually separate [8] . As previously mentioned, static and dynamic early endosomes were distinguished by Rab5 association and Rab5/Rab7 coassociation, respectively. Real-time fluorescent imaging revealed that Tf moves into tubular formations in both the static and dynamic early endosomes before separating. These vesicles then deliver Tf to the perinuclear recycling compartment or directly to the plasma membrane [46] . Recycling endosomes were identified with fluorescently labeled Rab11, a GTPase marker within recycling compartments that is responsible for regulating Tf trafficking from recycling endosomes [50] [51] . Results showed Rab11 colocalized with fluorescently labeled Tf, verifying that Tf was indeed delivered to the endocytic recycling compartment from early endosomes.
2.3.2.
GTPase regulators mediating Tf recycling-Rab4, a GTPase localized primarily in early endosomes, has also been determined to mediate the Tf trafficking pathway [52] . Mellman and coworkers showed that Tf became increasingly trafficked to the recycling vesicles when Rab4 was overexpressed [53] . Using electron microscopy, which provides visualization of the cell and its vesicular and plasma membrane structures, the researchers observed that an overexpression of Rab4 caused the majority of Tf to be localized within tubular structures and vesicles headed towards the recycling compartment or cell surface. Compared to control cells, these cells overexpressing Rab4 also exhibited decreased amounts of Tf localized in early endosomes, which were identified by their smaller diameters. These results indicate that Rab4 is involved in trafficking Tf to recycling vesicles from early endosomes through tubular formations. However, in another study by the van der Sluijs research group, RNAi against Rab4 resulted in increased Tf recycling [54] . In this experiment, the researchers used fluorescence microscopy to visualize fluorescent Tf internalized within cells. In cells with RNAi against Rab4, less Tf was found to remain internalized, suggesting that increased amounts of Tf were exiting the cells compared to control cells. Thus, it is still not certain what function Rab4 serves in Tf recycling, and this point has also been noted in other reviews [14] .
Sabatini and coworkers have shown that the Rab11 GTPase is required for Tf trafficking to the cell surface from the endocytic recycling compartment but not from early endosomes [55] . In normal cells, fluorescent Tf was observed to be dispersed in vesicles throughout the cytoplasm in addition to being concentrated near the juxtanuclear region, which corresponds to the recycling compartment of the slow recycling pathway. In cells expressing the dominant negative Rab11 mutant, Tf no longer associated with the juxtanuclear region and remained in vesicles within the cytoplasm. Thus, this indicates that Rab11 is responsible for directing Tf through the slow recycling pathway through the endocytic recycling compartment.
DAKAP2 has been shown to regulate Tf trafficking to recycling endosomes likely through interactions with Rab4 and Rab11 by Taylor and coworkers [51] . A reduction in Tf association within the juxtanuclear compartment was visualized using immunofluorescent microscopy when DAKAP2 was knocked down, whereas in normal control cells, more Tf association in the juxtanuclear compartment was observed. This compartment near the nucleus corresponds to the recycling compartment of the slow recycling pathway. Furthermore, DAKAP2 was shown to bind to Rab4 and Rab11, and while it is unclear how this interaction affects recycling, the researchers hypothesize that DAKAP2 may be involved in recruiting Rab11 to membranes containing Rab4.
There is also evidence for another GTPase, Rab35, to play a role in Tf recycling through the fast recycling pathway. In a study by the Echard group, the researchers used fluorescenceactivated cell sorting (FACS) to quantitatively measure the amount of fluorescently-labeled internalized Tf at various time points [56] . By measuring the internalized Tf over time as a fraction of the initial internalized Tf, the researchers could determine the amount of Tf being recycled to the surface. In cells expressing Rab35 S22N, a dominant negative mutant, significantly less Tf was trafficked to the cell surface after 5 min of Tf addition compared to control cells. However, after 15 minutes, Tf recycling was similar between control cells and Rab35 S22N expressing cells. This suggests that Rab35 regulates the fast recycling pathway of Tf. However, in another study by the McPherson and Ritter group, their results indicate that a Rab35 knockdown had no significant effect on Tf recycling as quantified through FACS flow cytometry [57] . Whether or not Rab35 is involved in Tf recycling from early endosomes still remains to be resolved.
Peränen and coworkers provided evidence that Rab8 GTPase activity is involved in transporting Tf to the pericentriolar region through the slow recycling pathway [58] . In their experiments, cells were depleted of Rab8 with siRNA. Using time-lapse fluorescence microscopy, the researchers found that once internalized, Tf remained scattered throughout the cytoplasm in Rab8-depleted cells, whereas control cells showed a presence of Tf in the cytoplasm in addition to the perinuclear endocytic recycling compartment. This led the researchers to hypothesize that Rab8 may control Tf recycling traffic from early endosomes to the recycling compartment. Nonetheless, it was found that Tf recycling to the cell surface still occurred despite Rab8 depletion. It is likely that recycling still continues through the fast recycling pathway from early endosomes directly to the plasma membrane, bypassing the pathway to the endocytic recycling compartment controlled by Rab8. In another study, Henry and Sheff reported findings suggesting that Rab8 directs cell-synthesized cargo from the trans-Golgi network to recycling endosomes, but is not responsible for directing endocytosed cargo from early endosomes to recycling endosomes [59] . Since Tf recycling would occur from early endosomes (not the trans-Golgi network) to recycling endosomes, the studies of Henry and Sheff suggest that Rab8 may not be directly involved in Tf recycling.
The Rab22a GTPase has been shown to regulate Tf trafficking from early endosomes to recycling endosomes by the Mayorga research group [60] . Confocal microscopy images revealed that fluorescently-labeled Tf was retained in siRNA Rab22a-depleted cells after one hour. Conversely, most of the Tf had recycled and exited in control cells after one hour. Furthermore, Rab22 depleted cells seemed to lack a perinuclear recycling compartment, thus causing Tf to mainly associate at the cell periphery. Control cells, on the other hand, showed Tf accumulation dispersed throughout the cytoplasm as well as the perinuclear recycling compartment region. Additional experiments in Rab22a-depleted cells showed colocalization between an early endosome marker, namely EEA1, and Tf thereby suggesting that Tf was being retained within early endosomes. This indicates that Rab22a allows Tf trafficking from early endosomes to recycling endosomes.
ADP-ribosylation factor (Arf6) is a GTPase that regulates Tf recycling by controlling actin remodeling [61] [62] . In a study by Montagnac, Chavrier, and coworkers using TIRF microscopy, Tf recycling was shown to be dependent on Arf6 [63] . In control cells, fluorescent Tf was observed to exit the cell quickly. However, in cells expressing the dominant-negative mutant Arf6 T27N , Tf did not as readily exit the cell, suggesting an impairment in Tf recycling. Since this decrease in Tf recycling only occurred when the recycling time was less than 8 minutes, the researchers believe that Arf6 may be responsible for mediating Tf in the fast recycling pathway.
Studies have indicated that some GTPase regulators of Tf recycling, such as Rab22a, may affect Tf recycling pathways in a different manner depending on the specific cell-type. Donaldson and coworkers have reported that an inhibition of Rab22a does not completely inhibit Tf recycling in HeLa cells since it is hypothesized that the endosomal recycling compartment in HeLa cells is a multidomain compartment with multiple recycling routes from the endosomal recycling compartment [64] . Conversely, in Chinese hamster ovary cells, Tf recycling is believed to follow a singular endosomal recycling pathway which is mediated by Rab22a [64] . Furthermore, there are also many additional Rab and Arf GTPase regulators and effectors that work in conjunction to control Tf recycling. These regulators and effectors which include Rab11FIP2, Rab11FIP3, Rab11FIP5, Rabenosyn5, SEC10, JIP3, JIP4, ASAP1, ACAP1, and RME-4 have been reviewed by Grant and Donaldson [14] .
Actin regulators mediating Tf recycling-
The receptor mediated endocytosis/ Eps15 homology domain (RME-1/EHD) family of proteins is believed to mediate cargo trafficking to the plasma membrane from recycling compartments [65] . In mammals, four EHD paralogs exist: EHD1, EHD2, EHD3, and EHD4. In Caenorhabditis elegans (C. elegans) the EHD family protein, RME-1, has approximately 67% identity with the mammalian EHD1 and has been tested in various studies to determine its role in endocytosis and recycling [66] . Horowitz and coworkers examined Tf recycling in EHD1-deficient mouse embryonic fibroblasts grown in vitro [67] . Laser scanning confocal microscopy images revealed rapid Tf clearance from wild-type cells within 60 minutes. However, in EHD1-deficient cells, Tf clearance from cells was not as rapid, while there was a marked accumulation of Tf within recycling endosomes located near the cell nucleus. This suggests that Tf is likely remaining in the perinuclear endocytic recycling compartment, which is part of the slow recycling pathway. These results suggest that EHD1 is one of the machinery components responsible for controlling Tf recycling from the endosomal recycling compartment. EHD1 regulation of Tf recycling may possibly be a result of controlling actin dynamics as studies have shown RME-1/EHD colocalization with actin regulators, such as Arf6, in the tubular formations of endosomes [68] .
Grant and coworkers have shown in C. elegans that AMPH-1, a member of the amphiphysin/BIN1 protein family in mammals, works together with RME-1/EHD to regulate Tf trafficking from recycling compartments to the plasma membrane [69] . They observed through confocal microscopy images that AMPH-1 colocalizes with RME-1 in recycling endosomes stained with fluorescent SDPN-1, a known marker of recycling endosomes in C. elegans. Additionally, AMPH-1 defective mutants illustrated unusual recycling endosome morphology as well as Tf recycling inhibition. In HeLa cells, a depletion of amphiphysin 2, alternatively known as BIN1, led to a disruption of recycling compartment tubules visualized by immunostained EHD1. These results suggest that the amphiphysin/BIN1 protein family is involved in regulating Tf recycling.
Sorting-nexin 4 (SNX4) has been shown by the Cullen research group to mediate Tf trafficking into the recycling compartment [70] . Quantitative analysis using radiolabeled Tf showed decreased levels of Tf in siRNA SNX4-depleted cells. Similarly, qualitative analysis using Western blotting revealed that TfR levels were also significantly reduced in siRNA SNX4-depleted cells as well. Lysosomal inhibitors were used in conjunction with SNX4-depletion to test whether the reduction of TfR was due to lysosomal degradation. In fact, lysosomal inhibitors restored TfR levels, consequently implicating that TfR was being degraded in the lysosomal pathway as a result of SNX4 suppression. Since a depletion of SNX4 leads to degradation of TfR, this is likely due to a missorting of TfR due to blocking entry to the recycling pathway from the early endosome, thus diverging TfR towards the degradation pathway. Cullen and coworkers hypothesize that SNX4 is responsible for directing Tf away from the early endosome to recycling pathways. The researchers also show that SNX4 binds to KIBRA, a dynein-binding protein, and may regulate dynein function. Dynein is a microtubule motor protein responsible for membrane tubulation. Thus, Cullen and coworkers propose that SNX4 mediates transport of Tf to recycling endosomes through driving membrane tubulation to traffic Tf out of early endosomes.
Obtaining a quantitative understanding of Tf trafficking using radioactivity, surface plasmon resonance, and mathematical models
Radiolabeling techniques have been used to evaluate binding specificity and saturation [71] [72] [73] , the effects of temperature [71, [74] [75] and concentration [71, [76] [77] on internalization, cellular localization [78] [79] [80] , exocytosis of Tf through pulse-chase studies [75, 81] , and release of intact Tf [71, 75, [82] [83] [84] . Additionally, chemical inhibitors have been used to help elucidate the Tf trafficking pathway by monitoring changes in trafficking of radiolabeled Tf through the cell [71, 73, [85] [86] [87] [88] . This section of the review, however, will focus on radiolabeling techniques, which when combined with mathematical models of the Tf trafficking pathway, can be used to determine equilibrium binding constants, rate constants, cycle times, and the activation energy in the internalization rate constant. Furthermore, surface plasmon resonance will be discussed, since it can be used to quantitatively measure association and dissociation rate constants, and therefore, equilibrium dissociation constants.
Binding at the Cell Surface
3.1.1. Scatchard Analysis-The Scatchard analysis, in conjunction with radiolabeling, has been used to evaluate the equilibrium binding affinity between a ligand and its receptor. This technique has been used extensively as a method to determine the equilibrium dissociation constant, K D , and the total number of receptors present at the cell surface, R s,T . The equilibrium dissociation constant can be defined as follows: (1) where L eq is the free Tf ligand concentration at equilibrium, R s,eq is the number of free Tf receptors at the cell surface at equilibrium, and C s,eq is the number of cell-surface Tf/TfR complexes at equilibrium. The use of low temperatures and/or energy inhibitors minimized trafficking and receptor synthesis in these experiments. Therefore, the total number of cellsurface receptors (R s,T ) remains constant, and equal to R s,eq plus C s,eq . Using this equality for R s,T , R s,eq in Eq. (1) can be replaced in terms of R s,T and C s,eq resulting in the following equation: (2) In the Scatchard plot shown in Figure 5 , C s,eq , denoted as Bound, is determined by measuring the bound radiolabeled ligand at equilibrium. On the other hand, L eq , represented by Free, is found by measuring the concentration of free ligand present in the medium at equilibrium. Linear regression of bound ligand/free ligand (Bound/Free or C s,eq /L eq ) as a function the amount of bound ligand (Bound or C s,eq ) at equilibrium yields a slope equal to negative of the inverse of K D . The total number of receptors per cell (R s,T ) can then be calculated from the y-intercept, since it is equal to R s,T /K D .
In one study, Kohno and Tokunaga were able to estimate the total number of receptors per cell as 9.24 × 10 4 with an apparent K D of 1.3 nM for reticulocyte cells, using low temperatures to inhibit trafficking [73] . Similar analyses have been performed using low temperatures as a means to inhibit trafficking [71-72, 75, 89] . However, it should be noted that, even at 4°C, some Tf will enter the cell, albeit at a much slower rate, and a 1 hour incubation may not be sufficient to reach binding equilibrium in this system. Another option, if using a physiological temperature, is to block internalization with energy inhibitors, such as sodium azide. Using this method, Eckelman and coworkers found the K D and total number of receptors per cell to be 9.2 ± 9.6 nM and 0.9 ± 0.5 × 10 5 #/cell, respectively [82] . In general, these studies demonstrated that proliferating cell types express large numbers of Tf receptors, which bind with high affinity, or low K D values, to Tf.
Surface Plasmon
Resonance-Another technique, surface plasmon resonance (SPR), can also be used to quantify the equilibrium parameter of Tf binding to TfR, as well as the corresponding rate constants for Tf binding and unbinding from TfR. In these experiments, TfR is bound to the SPR sensor surface, and the interaction between the ligand and receptor can be detected as a change in refractive index [90] . As Tf binds the receptor, the buildup of protein causes an increase in the refractive index. Thereby, through using SPR, Tf binding can be observed and analyzed in real-time.
Two methods have been applied to find the equilibrium dissociation constant for Tf binding to TfR from SPR data. The first method fits experimental data to a form of the Hill equation to determine the equilibrium dissociation constant. This form of the Hill equation comes from equating the fraction of occupied binding sites as the number of Tf/TfR complexes divided by the total number of available binding sites: (3) where C eq is the number of Tf/TfR complexes at equilibrium, R eq is the number of free TfR at equilibrium, B eq is the equilibrium binding response, and B max is the maximum binding response measured experimentally when an excess of ligand is used. Equation (3) . This substitution is valid, since experimentally, the injected ligand is allowed to flow over the receptors until the association rate equals the dissociation rate, resulting in a constant response and no further change in the overall injected ligand concentration [91] . After this substitution and additional simplification, Eq. (3) becomes: (4) The equation above is a form of the Hill equation that assumes a 1 ligand binding to 1 receptor model, in which there is a single class of noninteracting sites exhibiting noncooperativity. Nonlinear regression analysis of B eq versus the logarithm of [L] can then be used to determine the K D values.
In the case of holo-Tf binding to TfR, Bjorkman and coworkers first used gel-filtration chromatography to determine the binding stoichiometry, and their results suggested that TfR dimerizes such that two holo-Tf bind to every two Tf receptors. As a result, Bjorkman and coworkers used a binding model that considers two classes of non-interacting binding sites on a TfR homodimer with two different K D values; therefore, the data was fit using a heterogeneous 2:2 model. Since these binding events are considered to be independent, B eq can be represented by the sum of the individual binding responses at equilibrium (such as the one in Eq. (4)), taking into consideration the fraction of total binding sites in each class, f 1 and f 2 : (5) where f 1 + f 2 = 1 [92] . Experimentally, Bjorkman and coworkers applied long injection time periods with slow flow rates over biosensor chips with high densities of TfR covalently bound to the chips, and allowed binding to reach equilibrium [93] . Subsequently, plotting B eq as a function of injected ligand concentration and fitting this experimental data to the model in Eq. (5), the equilibrium binding dissociation constants, K D,1 and K D,2 , were found to be 1.9 nM and 29 nM, respectively, where f 1 and f 2 were 0.51 and 0.49, respectively.
A second method used to calculate the equilibrium binding constant from SPR data uses the association and dissociation rate constants, k a and k d . Bjorkman and coworkers used a flow rate of 50 μL/min and performed 4 minute binding and dissociation experiments at a variety of Tf concentrations [94] . [95] . The program starts by generating a series of differential equations based on the chosen reaction model using arbitrarily chosen rate constants. Subsequently, using numerical integration, differential equations are generated to simulate data which are subsequently subtracted from the experimental data to calculate the χ 2 value. The program then adjusts the rate constants to minimize the χ 2 value. This process is repeated until the χ 2 value is less than 0.1%. In this case, the Bjorkman research group chose a 2:1 bivalent ligand reaction model, where two Tf bind sequentially to a single TfR homodimer. In the proposed model, one molecule of Tf reversibly binds to the first binding site on the TfR homodimer, TfR hd , before a second molecule of Tf reversibly binds to the second site: (6) (7) where k a1 and k a2 , and k d1 and k d2 represent the association and dissociation rate constants for reactions 1 and 2, respectively. The equilibrium dissociation constant for each reaction can then be calculated using the following equation: (8) where i designates the reaction number. Using Eq. (8), Bjorkman and coworkers found the equilibrium dissociation constants for reactions 1 and reaction 2, K D,1 and K D,2 , to be 1.1 nM and 29 nM, respectively [94] .
3.1.3. Combining radioactivity and mathematical modeling to estimate association and dissociation rate constants-The kinetic parameters of holo-Tf/ TfR binding and dissociation at the cell surface can be determined by combining radioactivity experiments with mathematical modeling. In order to describe the rate of binding of holo-Tf to TfR on the cell surface, Lodish and coworkers derived a mathematical model, which expanded upon previously described models for the epidermal growth factor and asialoglycoprotein receptors [96] [97] . Figure 6 depicts the kinetic parameters of the Tf trafficking pathway.
The following assumptions were used in the model derivation: (i) All functional receptors behave identically. (ii) There is no appreciable degradation or synthesis of receptors during short periods of time. (iii) The total number of receptors is constant [98] .
Performing a species balance on the number of free receptors at the cell surface, R s , yields the following equation: (9) where k d is the dissociation rate constant of the holo-Tf/TfR complex at the cell surface (C s,holo ), and k a is the association rate constant of holo-Tf (L) to TfR (R s ) at the cell surface.
Using energy inhibitors and excess radiolabeled Tf to prevent internalization and the formation of free receptors, respectively, Eq. (9) can be simplified. However, it should be noted that although it was assumed that Tf does not dissociate to form free receptors, it is expected that some unbinding will occur. Nevertheless, eliminating the appropriate terms, the following equation was obtained. (10) Assuming that the ligand concentration, L, is constant over the time course of the experiment, since the holo-Tf concentration in the medium was in excess and was not expected to significantly change throughout the experiment, Eq. (10) was integrated and rearranged; applying the initial condition, where the free receptors present on the cell surface at t = 0 is R s,0 . (11) The half-time (t = t 1/2 ) of association can be determined from Eq. (11) using R s equal to ½R s,0 at the half-time. (12) By measuring the cell associated radioactivity, the number of cell-surface complexes can be determined, and the fraction of free receptors can be expressed with the following equation: (13) where the number of free receptors at time t, R s , is equal to the initial number of free receptors, R s,0 , minus the number of receptors bound to Tf at any time, t, C s,holo . Finally, R s,0 can be replaced by C max , which is the maximum amount of Tf that binds to the cell, since all cell-surface receptors were assumed to be bound to Tf due to the addition of excess Tf. Therefore, by substituting Eq. (13) into Eq. (11), the half-time of association can be determined from a semi-logarithmic plot of the fraction of free receptors, expressed as [1− (C s,holo /C max )], as a function of time ( Figure 7) . Equation (12) can then be used to estimate the product of the association rate constant and the ligand concentration, k a L.
Using this approach, Lodish and coworkers found the k a L value to be 0.23 min −1 at physiological temperature. When this value is divided by the ligand concentration, which is expected to be relatively constant at 77 nM throughout the experiment, k a is estimated to be 2.99 × 10 6 min −1 M −1 [98] . Czech and coworkers also used this approach, and found the association rate constant to be 2.7 × 10 7 min −1 M −1 [99] . Using a comparable model, Sainte-Marie and coworkers found the rate constant for association of Tf to TfR, k a , to be (1.2 ± 0.2) × 10 6 min −1 M −1 [100] . In a similar manner, Glass and coworkers found k a to be 1.2 × 10 7 min −1 M −1 [101] . Table 1 shows the rate constants that have been estimated for each step of the Tf trafficking pathway.
Similarly, Lodish and coworkers determined the rate constant for dissociation of holo-Tf from TfR at the cell surface using the half-time for dissociation [98] . The rate of change of the receptors bound to Tf at the cell surface can be derived to be equal to the following: (14) where k int is the rate constant for internalization of the holo-Tf/TfR complexes from the cell surface.
In this experiment, radiolabeled Tf was first allowed to bind to receptors on cells at 4°C in the presence of energy inhibitors to allow equilibrium to be attained while preventing internalization. Unbound ligand was then removed, and medium was added containing excess unlabeled Tf at physiological temperature. In the presence of excess unlabeled ligand, when a radiolabeled ligand dissociates from a receptor, an unlabeled ligand will bind to the receptor. The dissociated radiolabeled ligand is then assumed to not be able to rebind to the receptor due to the excess unlabeled ligand that is present. Accordingly, you are only observing the dissociation of radiolabeled ligand from the cell-surface receptors as you measure the number of radiolabeled ligand/receptor complexes per cell as a function of time (where t=0 corresponds to when the media containing excess unlabeled ligand was added). Under these experimental conditions, Eq. (14) can be simplified to: (15) Similar to the manipulation between Eqs. (10) and (12), Eq. (15) can be integrated along with the initial condition of C s,holo = C s,holo,0 at t = 0. Then, letting t 1/2 be the time at which the number of holo-Tf/TfR surface complexes, C s,holo , is equal to one-half the number of surface complexes initially present, C s,holo,0 , Eq. (16), below, can be derived: (16) Plotting the loss of surface Tf/TfR complexes over time semi-logarithmically, allows for the determination of t 1/2 . The rate constant of holo-Tf dissociation was then determined to be 0.090 min −1 using Eq. (16) [98] . In a similar manner, Sainte-Marie and coworkers determined the dissociation rate constant to be 0.056 ± 0.01 min −1 [100] .
Internalization and Intracellular Events

Determining the endocytic rate constant for the holo-Tf/TfR complex:
Method I-The rate constant for the endocytosis of the holo-Tf/TfR complex can also be estimated by combining radiolabeling with mathematical modeling. In one method [98] , Lodish and coworkers allowed radiolabeled holo-Tf to first bind to cells at 4°C to achieve maximum binding. After removing unbound Tf, medium containing excess unlabeled Tf at physiological temperature was added to facilitate internalization of labeled Tf, in addition to preventing rebinding of dissociated radiolabeled ligand. For this scenario, both dissociation and internalization of Tf must be considered, since both processes are occurring. Therefore Eq. (14) simplifies to: (17) Integrating and rearranging Eq. (17) in a manner similar to what was performed between Eqs. (10) and (12), yields the following: (18) The loss of radiolabeled Tf from the cell surface as a function of time was determined by measuring the pronase-sensitive radiolabeled ligand, where pronase corresponds to a mixture of proteases that can cleave and release surface-bound Tf. Creating a semilogarithmic plot of the fraction of initial Tf bound as a function of time allowed for the determination of the t 1/2 for the total process of dissociation and internalization of Tf. Using the above equation, k int can be calculated using the t 1/2 for the process and k d = 0.090 min −1 , as estimated previously. The rate of internalization was found to be 0.20 min −1 using this approach [98] . Also using the same assumptions, Sainte-Marie and coworkers found k int to be 0.214 ± 0.01 min −1 [100] .
In a similar manner, Young and coworkers evaluated the rate constant for the internalization of the holo-Tf/TfR complex, neglecting the dissociation of holo-Tf from TfR [102] . In this case, the authors measured the percentage of cell-surface complexes remaining prior to endocytosis using pronase to distinguish cell-surface bound from internalized complexes. In this case, Eq. (17) can be written as follows after dividing through by the initial cell-surface complexes, C s,holo,0 , and neglecting dissociation: (19) Similar to the integration and rearrangement performed between Eqs. (10) and (12), using the initial condition of no complexes inside the cell at t = 0, and with t 1/2 occurring when the complexes at the surface are one-half the amount initially present, we have the following relationship: (20) Therefore, the t 1/2 value can be found from the semi-logarithmic plot of the percentage of cell-surface complexes remaining as a function of time. Equation (20) can then be used to estimate the rate constant for internalization, which was found to be 0.45 min −1 .
Method II-The In/Sur plot method, described by Wiley and Cunningham, has also been used to evaluate the endocytic rate constant of the holo-Tf/TfR complex [96] . A species balance on the internalized complexes was performed, where the number of internalized Tf/ TfR complexes per cell, C i , can increase through endocytosis of the cell-surface complexes and can be decreased by recycling to the cell surface and degradation, as described in the following equation: (21) where k rec is the rate constant for recycling of the complex, and k deg is the rate constant for degradation of the complex.
Using short time periods (under 6 minutes), when linear accumulation of Tf/TfR complexes was observed, the recycling and degradation of the complex could be ignored, giving the following equation: (22) Integration of Eq. (22), while assuming the number of complexes at the cell surface does not change significantly over the time frame of the experiment, and applying the condition that initially no complexes are present within the cell, C i (t = 0) = 0, results in the following: (23) Gironès and Davis measured the accumulation of internalized Tf/TfR complexes using radiolabeled Fab fragments of the monoclonal anti-TfR antibody (OKT9) [103] . The amount of internalized complexes was determined by measuring cell-associated radioactivity following an acid wash to remove surface bound Tf. The surface bound Tf was then calculated by subtracting the internalized Tf from the total specific bound radioactivity. The ratio of internalized complexes to surface bound complexes, C i /C s,holo , was then plotted versus time, and the endocytic rate constant was found from the slope to be 0.22 ± 0.02 min −1 . Also using this method, Czech and coworkers found k int to be 0.33 min −1 [99] .
Another form of the In/Sur plot can also be derived without assuming the number of complexes at the cell surface is constant with time [104] . Solving Eq. (22) using the initial condition of no ligand present inside the cell, results in the following equation: (24) This form of the In/Sur plot can then be created using measurements of the internalized complex, C i , and estimating the integral of the surface complex, C s,holo , over the time period of interest. Estimation of the integral can be performed using different approaches, such as the trapezoidal and Simpson's rules. The endocytic rate constant, k int , can be determined from the slope of this graph.
Determining endocytic rate constant for the holo-Tf/TfR complex:
Method III-Iacopetta and Morgan evaluated the rate constant for endocytosis of the holoTf/TfR complex using a method previously described for asialoglycoprotein in hepatocytes [71, 105] . For evaluation of internalization, binding of radiolabeled Tf was first allowed to occur at 4°C, and then endocytosis was initiated by adding media at physiological temperature. Experimentally, short time periods were used, allowing recycling and degradation to be neglected in Eq. (21) above, again yielding Eq. (22) . Both sides of Eq. (22) were then divided by the initial number of surface complexes, C s,holo,0 , which is assumed to be constant and can be brought inside the derivative to yield: (25) For the short time periods under consideration, it was then assumed that all radiolabeled Tf is either bound to the surface of the cell or present within the cell, and therefore the fraction of complexes at the cell surface, C s,holo /C s,holo,0 , in Eq. (25) can be expressed in terms of the fraction of complexes inside the cell that were initially present on the cell surface, C i / C s,holo,0 . Using this information Eq. (25) can be integrated using the integrating factor, and solving for C i /C s,holo,0 , using the initial condition that C i is equal to zero at t = 0, since no radiolabeled complexes are inside the cell at the start of the experiment, yields: (26) Subsequently, as detailed in the Supplementary Information section of this review, Eq. (26) was manipulated to yield the following equation: (27) where C 0 is 100%, and C 1 and C 2 can be defined as the percentages of internal Tf/TfR complexes relative to the initial amount bound at time t 1 and t 2 , respectively.
By measuring the radioactivity of internalized ligand at times t 1 and t 2 , the internalization rate constant was found using Eq. (27) to be 0.43 ± 0.07 min −1 [71] . Using a similar method, May and Tyler found the rate constant of internalization to be 0.183 min −1 [106] . It is noted that while this method utilizes data from only two time points, t 1 and t 2 , the use of several data points is generally preferred to determine the rate constant.
Determining the endocytic rate constant for the holo-Tf/TfR complex:
Method IV-Strous and coworkers determined the endocytic rate constant using radiolabeled iron loaded Tf [107] . Since iron is released from Tf inside cells, it was expected that the iron would not recycle from the cell like Tf, and therefore, the rate of accumulation of internalized 59 Fe inside the cell could be a measure of the rate of endocytosis. The following species balance was performed on the internalized radiolabeled iron, Fe i . (28) where Fe s is iron bound to Tf at the cell surface. Using an approach similar to that applied in the integration of Eq. (25), both sides of Eq. (28) was divided by the maximum number of iron atoms that could be internalized, Fe s,0 , which is the number of radiolabeled iron atoms initially bound to Tf at the cell surface. Subsequently, using the integrating factor to solve the equation with the initial condition of Fe i = 0 at t = 0 yields: (29) The half-time of internalization can then be found by rearranging Eq. (29), taking the natural logarithm of both sides, and letting Fe i equal one-half Fe s,0 at t 1/2 . (30) Therefore, the half-time could be determined using a semi-logarithmic plot of the accumulated radiolabeled iron as (1 − (Fe i /Fe s,0 )) as a function of time. Using Eq. (30), the rate constant for internalization was found to be 0.231 min −1 .
Using a similar approach, Glass and coworkers determined the rate of endocytosis of the Tf/ TfR complex by measuring the fraction of total complexes internalized over time rather than the accumulation of iron inside the cell [101] . Cells were incubated with excess radiolabeled Tf at 37°C to facilitate internalization. At desired time points, the surface-bound radiolabeled Tf was removed using 200 μL rabbit plasma, and then the number of internalized complexes was determined by measuring cell-associated radioactivity. Equation (30), where t 1/2 is the time when C i = ½C s,0 . This equation was then used to calculate the internalization rate constant using the t 1/2 value found from a semi-logarithmic plot of the fraction of total receptors internalized versus time. Using this method, k int was found to be 0.84 min −1 .
Arrhenius Equation-
The activation energy, E a , for the rate constant for internalization of the holo-Tf/TfR complex can be determined using an Arrhenius plot. The Arrhenius equation, which describes the strong temperature dependence of the internalization rate constant, is given by: (31) where A is the pre-exponential factor, R is the ideal gas constant, and T is the absolute temperature. The term exp(−E a /(RT)) can be interpreted as the fraction of collisions between reactant molecules that have the minimum energy, E a .
Again referring to Eq. (22), Tf was allowed to bind TfR using short incubation times, in order to assume negligible recycling and degradation of the complex. Rearranging this equation to solve for the internalization rate constant yields: (32) It was then assumed that the Tf/TfR complexes at the surface, C s , remained constant over short time periods with excess radiolabeled ligand present, although it should be noted that C s can rapidly change. Nevertheless, substituting Eq. (32) into Eq. (31), then taking the natural logarithm and rearranging, results in the following: (33) In order to determine the rate of endocytosis, dC i /dt, Iacopetta and Morgan measured internalized radiolabeled Tf as a function of time for different temperatures [71] . The rate was determined by performing linear regression of the plot of internalized radiolabeled Tf versus time using short time points prior to reaching steady-state between endocytosis and exocytosis, when the internalization of Tf proceeded linearly with time. Using this technique, the rate of endocytosis was found to occur at 500 molecules/cell/s at physiological temperature. Equation (33) was then used to estimate the activation energy from the slope of the semilogarithmic plot of the rate of endocytosis, dC i /dt, as a function of the inverse of the absolute temperature. The apparent activation energy of endocytosis was 33.0 ± 2.7 kcal/mol below 26.4 ± 0.4 °C and 12.3 ± 1.6 kcal/mol at higher temperatures [71] . The activation energy for endocytosis was lower at higher temperatures, indicating potentially a smaller amount of energy to overcome for endocytosis to occur at higher temperatures.
Scatchard Analysis and SPR -endosomal binding affinity of apo-Tf for
TfR-Scatchard analysis and SPR was used to evaluate the binding affinity of apo-Tf/TfR inside the endosome. Using low temperatures to prevent internalization, the binding of apoTf to TfR was evaluated under acidic conditions to mimic endosomal conditions. Experimentally, HepG2 cells were incubated with radiolabeled Tf at pH 5.4, which would facilitate the release of iron from Tf at the cell surface. The free iron was sequestered by an iron chelator, desferrioxamine, preventing the reformation of holo-Tf. Scatchard analysis showed that the number of Tf binding sites per cell to be 58,000 and that apo-Tf binds its receptor with a K D of 13 nM under these conditions. It was therefore found that at an acidic pH reflecting that of the endosome, apo-Tf binds with the same affinity and to the same extent as holo-Tf at pH 7.0, and therefore it was assumed that Tf remains bound to its receptor after releasing iron [108] . Using SPR, Bjorkman and coworkers also found a high affinity of apo-Tf for TfR at endosomal pH using two methods [93] . In the first method, equilibrium binding data were used, and the K D was found to be <15 nM. The second method determined the K D using a ratio of the kinetic parameters as shown in Eq. (8), which are the endosomal association constant, k a , end , and endosomal dissociation constant, k d , end . With this approach, the equilibrium dissociation constant was found to be 1.3 nM using a k a,end value of 4.4 ± 0.4 × 10 7 min −1 M −1 and a k d,end value of 0.056 ± 0.012 min −1 . Accordingly, the SPR data supported the conclusion that apo-Tf remains bound to its receptor inside the endosome following release of iron.
Recycling and Release of Apo-Transferrin
3.3.1. Determining recycling rate constant for apo-Tf/TfR complex: Method ILodish and coworkers determined the rate constant for the appearance of internalized apo-Tf at the cell surface, k rec , using species balances on all components, along with the rate constants for the other steps that were predetermined with the above-mentioned experiments [98] . They varied the value for k rec until they were able to find the best-fit to their experimental results of the surface, internal, and exocytosed ligand as a function of time. Based on this approach, k rec was found to be 0.139 min −1 . It should be noted that in the Lodish paper, the recycling rate constant is a combination of the iron release rate constant and exocytosis constant, since they were not able to separate the two processes. However, since this paper was published, technological advances have enabled researchers to determine the rate constant for iron dissociation from Tf, and another chapter in this special issue discusses iron release from Tf in more detail.
3.3.2.
Determining recycling rate constant for apo-Tf/TfR complex: Method IIIacopetta and Morgan used a pulse-chase technique to determine the recycling rate constant for the apo-Tf/TfR complex [71] . Initially, Tf was incubated with cells at 37°C to achieve maximum cell-associated Tf and steady-state. Subsequently, 50-fold excess unlabeled Tf was added to "chase" the radiolabeled Tf already internalized from the cell. Equation (21) was simplified assuming no endocytosis or degradation, since no further internalization of radiolabeled Tf was expected in the presence of excess unlabeled ligand. (34) Integrating both sides of the above equation using the initial number of complexes inside the cell as C i (t = 0), and taking the natural logarithm of both sides gives the following: (35) Performing linear regression of the semi-logarithmic plot of the loss of intracellular Tf over time, measured as pronase-resistant cell-associated radioactivity, the recycling rate constant, k rec , can be determined from the slope. Using the method shown above, the recycling rate constant at 37 °C was calculated to be 0.48 min −1 [71] .
3.3.3.
Determining recycling rate constant for apo-Tf/TfR complex: Method III -Sugiyama and coworkers also evaluated the recycling rate constant for the apo-Tf/TfR complex [109] by first performing a species balance on apo-Tf cell-surface complexes. Since surface bound Tf was removed after allowing internalization to occur, labeled ligand was not allowed to internalize after t = 0. In addition, medium with an acidic pH was applied after t = 0 to inhibit dissociation of apo-Tf from TfR. Accordingly, the species balance can be simplified to: (36) where C s,apo would then represent the recycled apo-Tf/TfR complex from the cell's interior present on the cell surface. The above equation can then be integrated from 0 to 120 minutes, where C s,apo = 0 at t = 0, since the surface complexes were removed at the start of the experiment. (37) As detailed in the Supplementary Information section, evaluation of the integral of C i in the right-hand side of Eq. (37) allowed the derivation of the following expression for the recycling rate constant, k rec . (38) where C s,apo (t = 120), is the number of complexes at the surface after 120 min, C i (t = 0) is the initial number of internalized complexes, assuming internalization and degradation of the ligand were negligible, and C i (t = 120) is the number of complexes present in the cell after 120 min.
Using this method, the recycling rate constant, k rec , was found to be approximately 0.02 min −1 [109] . It should be noted that while Eq. (38) is calculated using only two time points, using more data points is preferred.
3.3.4.
Determining recycling rate constant for apo-Tf/TfR complex: Method IV -Strous and coworkers determined the rate constant for exocytosis in a manner similar to the approach used by Lodish and coworkers to determine the rate constant for binding and dissociation of holo-Tf from the cell surface [107] . First, cells were incubated with a saturating amount of radiolabeled Tf, so that when the system reached steady-state, all receptors were assumed to be occupied. Further internalization was then inhibited using low temperatures, and surface bound ligand was removed using an acid wash to prevent internalization of labeled ligand. Therefore, Eq. (21) was simplified to Eq. (34) assuming no endocytosis or degradation. The temperature was subsequently raised to allow trafficking to occur in the presence of excess unlabeled Tf.
Similar to the manipulation detailed above between Eqs. (10) and (12), Eq. (34) was integrated and solved with the initial condition of C i = C i (t = 0) at t = 0. In addition, letting t 1/2 be the time at which the number of internalized complexes is equal to one-half the number of surface complexes initially present, Eq. (39) below can be derived. (39) The half-life could be determined by creating a semi-logarithmic plot of the loss of radiolabeled Tf from inside the cell as a percentage of the maximum value over time. Subsequently, using Eq. (39), the recycling rate constant, k rec , was found to be 0.060 min −1 . With the same approach May and Tyler determined the recycling rate constant to be 0.113 min −1 [106] .
In a similar manner, Young and coworkers found the rate of recycling using the loss of cellassociated radiolabeled complexes as a percentage of the initial, or maximum, amount of Tf bound [102] . Therefore, Eq. (34) could be written as follows, assuming only recycling of the Tf/TfR complex in the presence of excess unlabeled Tf: (40) Equation (40) was solved to yield Eq. (39) with an approach similar to the manipulation between Eqs. (10) and (12), using the initial condition of C i = C i (t = 0) at t = 0 and letting t 1/2 be the time at which the number of internalized complexes was equal to one-half the maximum number of cell-associated complexes, C max . Subsequently, by creating a semilogarithmic plot of the percentage of internalized Tf remaining in the cell versus time, the t 1/2 can be found, and therefore, the k rec using Eq. (39) . In this paper, the exocytosis rate constant was found to be 0.1 min −1 . Also using this method, Czech and coworkers found the recycling rate constant to be 0.11 min −1 [99] .
3.3.5. Determining recycling rate constant for apo-Tf/TfR complex: Method VUsing steady-state conditions, Sainte-Marie and coworkers determined the recycling rate constant [100] . Saturating levels of radiolabeled Tf were incubated with cells and allowed to reach steady-state, i.e., when the total, cell-surface bound, and internal radioactivity no longer changed with time. Since saturating levels of Tf were used, it was assumed that degradation could be neglected and that there were no free internalized receptors. In this experiment, the total number of receptors, R T , was assumed to include the number of free cell-surface receptors, R s , the number of receptors bound to holo-Tf at the surface, C s,holo , as well as, the number of receptors bound to holo-and apo-Tf within the cell, C i ..
Equations (14) and (21) were then set to zero, since steady-state had been attained, and solved for k int and k rec , respectively. Combining these equations and replacing R s in terms of R T , C s,holo , and C i , yields the following expression for the recycling rate constant: (41) Accordingly, by measuring the total, cell-surface bound, and internal radioactivity under steady-state conditions, and using the k a and k d found earlier from binding experiments, the k rec was found to be 0.19 ± 0.03 min −1 .
3.3.6. Determining recycling rate constant for apo-Tf/TfR complex: Method VI -Gironès and Davis determined the exocytosis rate constant by fitting the loss of cellassociated Tf experimental data to a double exponential decay model using the computer program ENZFITTER (Elsevier Biosoft) [103] . Cells were first incubated with radiolabeled Fab fragments for TfR for 5 min at 37°C in the presence of holo-Tf. The temperature was then reduced to 4°C, and the surface bound radiolabeled antibody was removed. Subsequently, the loss of cell-associated radioactivity was measured over time. This data was then fit to a single exponential decay and a double exponential decay model to determine the rate constant for recycling of Tf. Using the F test to determine the quality of the fit, the double exponential decay model was statistically found to better predict the experimental data (P < 0.001). Using the double exponential decay model, k rec was found to be 0.065 ± 0.002 min −1 .
3.3.7.
Determination of rate constant for dissociation of apo-Tf from the cell surface-Lodish and coworkers also estimated the rate constant for the dissociation of apo-Tf from its receptor at the cell surface, k d,apo , by combining a radioactivity experiment with mathematical modeling [98] . Holo-Tf was incubated with cells at 4°C and pH 7.3, which facilitated binding, but prevented internalization. Then apo-Tf was produced by removing iron at pH 5.0 in the presence of desferrioxamine, a potent iron chelator, which prevented the rebinding of iron. Next, energy inhibitors were used to prevent internalization, while the pH was again raised to pH 7.3. Under these experimental conditions, the species balance on the number of apo-Tf/TfR complexes is given by the following equation:
In this study, Lodish and coworkers plotted the cell-surface apo-Tf as a function time, and determined t 1/2 for the dissociation of apo-Tf at neutral pH to be 16 s [98] . Using Eq. (43), the k d,apo value was found to be 2.6 min −1 . It was concluded that apo-Tf rapidly dissociates from the cell surface following exocytosis. Using a similar approach, Czech and coworkers also found the rate constant for dissociation of apo-Tf from the cell-surface receptors to be the same value of 2.6 min −1 [99] .
Determining kinetic rate constant parameters by fitting data to models
Yazdi and Murphy utilized a model similar to Lodish and coworkers [98] , except the authors accounted for nonspecific binding and considered the recycling and dissociation of apo-Tf to occur as one step [110] . For nonspecific binding of Tf to the cell surface, the following species balance was derived: (44) where C ns is molecules per cell of Tf nonspecifically bound to the cell surface, N a is Avogadro's number in number/mol, N c is the cell concentration in cells/L, k a , ns is the pseudo-first order rate constant for ligand nonspecifically binding to the cell membrane, k d,ns is the rate constant for ligand dissociating from the cell membrane, and L is the free ligand (Tf) concentration in M.
Since the nonspecific binding was assumed to be at a constant level at all times, Eq. (44) was set equal to zero, and solved for C ns . (45) where the ligand concentration was assumed to be constant throughout the experiment at 7.8 × 10 −9 M, and the ratio of k a , ns /k d,ns was found to be (1.4 ± 0.1) × 10 −3 based on results from a steady-state experiment (where C s,holo and C i were allowed to reach steady-state).
The following species balance was written for Tf specifically bound to TfR, where the free receptors can be written as the total number of cell-surface receptors, R S,T , minus the number of complexes, C s,holo : (46) A species balance was also performed on the number of internalized Tf/TfR complexes: (47) where k rec+d,apo is the lumped rate constant for recycling and dissociation of apo-Tf. Note that apo-Tf was not considered as a species in the equation, since k rec+d,apo included dissociation of apo-Tf from TfR.
Finally, a balance on the total number of cell-associated radiolabeled Tf, C total , was performed. (48) In this experiment, cells were incubated with radiolabeled Tf and the total, surface bound, and internal radioactivity was measured over time. The kinetic parameters were then determined by fitting the Eqs. (45) through (48) to the experimental data of surface, total, and internalized radiolabeled Tf, using a general purpose regression program GREG in multiresponse mode in combination with DDASAC software package to estimate the ordinary differential equations. GREG uses the modified Newton's method, starting from user-input initial guesses for the parameters, and then convergence is reached when Newton corrections of estimated parameters were no larger than 0.1 times their respective uncertainties. Additionally, DDASAC uses a predictor-corrector investigation program to solve systems of coupled ODE's and algebraic equations. Using this method, the following rate constants were determined: k a = (4 ± 1) × 10 7 min −1 M −1 , k d = 1.3 ± 0.5 min −1 , k int = 0.38 ± 0.05 min −1 , and k rec+d,apo = 0.18 ± 0.02 min −1 .
Calculation of Tf cycle time
Multiple methods have also been used to estimate the Tf cycle time. Lodish and coworkers calculated the total time to complete one cycle of the Tf trafficking pathway, T c , as the sum of the characteristic time constants for each of the steps, i.e., the inverse of the rate constant for the association of Tf to TfR times the ligand concentration, k a L; the internalization rate constant, k int ; the recycling rate constant, k rec ; and the dissociation rate constant for apo-Tf, k d,apo . (49) Using this expression, the cycle time was found to be approximately 15.8 min [98] . Similarly, using Eq. (49), Strous and coworkers calculated T c to be 22.7 min when they used their own experimentally determined rate constants k int and k rec , along with the k a and k d values determined by Lodish and coworkers [98, 107] .
Sainte-Marie and coworkers modified Eq. (49) by removing the rate constant for dissociation of apo-Tf, since this was expected to be very large in comparison to the other rate constants considered, and including the rate constant for the transport of unoccupied receptors back to the cell surface, k R , which was determined to be 0.17 ± 0.08 min −1 [100] . The modified equation is shown below: (50) where R s /R T was 0.5. Using this method, the cycle time was found to be 14 min.
Nunez and Glass, on the other hand, estimated the total time for transferrin to complete its cycle as 4 min [111] . In their experiment, the cells were incubated with 59 Fe-125 I-Tf for a 10 s pulse, followed by a chase with excess unlabeled Tf. At desired time points, trafficking was halted using a cold wash of the cells, and the amount of cell associated Tf and Fe was measured ( Figure 8 ). As shown in the figure, Tf is not released from the cell for approximately 60 s. The amount of Tf then decreases over time, while iron remains within the cell. The half-time of release was found to be 110 ± 14 s after the initial 60 s lag period, and the entire trafficking cycle was found to be completed within 260 ± 39 s.
Similarly, using a pulse-chase approach, Watkins and coworkers calculated the cycle time using the following equation [101] . (51) where t 0 is the time 59 Fe-125 I labeled Tf is allowed to incubate with the cells, R(Fe/I) cell is the ratio of 59 Fe to 125 I radioactivity associated with the cell after t 0 minutes of incubation, and R(Fe/I) Tf is the ratio of 59 Fe to 125 I radioactivity in the iron-saturated 59 Fe-125 I-labeled Tf. It was assumed that after the first Tf trafficking cycle, two iron atoms are delivered per one Tf that is internalized. Therefore, to estimate this ratio that would be present after the first cycle, R(Fe/I) Tf was used, since it was measured by considering a solution of iron saturated Tf. Since the authors found that the amount of 125 I-Tf inside the cells became fixed after 5-10 minutes, any additional Tf trafficking cycles would be expected to only increase the 59 Fe pool within the cell. As a result, taking the ratio of 59 Fe to 125 I within the cell, R(Fe/I) cell , after t 0 minutes and dividing by R(Fe/I) Tf , which is used to represent the initial ratio, will give the number of cycles completed within the incubation time. Using this method, T c was found to be 255 ± 43 sec, or approximately 4.25 min.
Identifying design criteria for drug delivery using mathematical models
These rate constants have also been used to help engineer Tf mutants that are more effective in delivering anticancer drugs. Specifically, TfR is overexpressed on several cancers, since they require more iron to sustain their rapid proliferation. Accordingly, Tf has been used to selectively target cancer cells. However, as mentioned in this review, Tf recycles very rapidly, and this short duration inside the cell can limit the ability of Tf to deliver its cytotoxic payload. In order to improve the ability of Tf to deliver its conjugated drug, Kamei and coworkers developed a mathematical model of the intracellular trafficking pathway of Tf, and used a sensitivity analysis to determine a novel design criterion for improving the drug delivery efficacy of Tf [112] . Specifically, if the iron release rate of Tf within the endosome is reduced, iron would be retained by Tf upon recycling to the cell surface. Since the affinity of holo-Tf for TfR is high, the Tf-drug conjugate would be reinternalized to participate in another cycle of trafficking. The probability of Tf delivering its drug would therefore be improved, since multiple rounds of trafficking would occur. With this design criterion, Kamei and coworkers investigated two Tf mutants with decreased endosomal iron release rates [113] [114] . These Tf mutants were conjugated to diphtheria toxin (DT) and shown to more effectively deliver DT in vitro to U87 and U251 human glioma cell lines when compared with wild type. In addition, these Tf-DT conjugates were administered to U87-derived tumors grown on the flanks of mice. In these in vivo experiments, the administration of the mutant Tf-DT conjugates led to rapid and near complete tumor regression, while the wild-type Tf-DT conjugates only suppressed tumor growth ( Figure 9 ). Further studies are currently ongoing to assess this technology, which has potential since wild-type Tf conjugated to a mutant of DT reached phase III clinical trials for the treatment of glioblastoma multiforme [115] [116] [117] .
Concluding Remarks
Various techniques have been employed to investigate the intracellular trafficking pathway of Tf including the machinery components and regulators involved. The roles of various mediators have been experimentally studied through qualitative methods such as TIRF microscopy, electron microscopy, laser-scanning confocal fluorescence microscopy, and spinning-disk confocal fluorescence microscopy. These techniques have temporal resolution and are useful for the imaging of Tf endocytosis and recycling which occur on the order of seconds to minutes.
TIRF microscopy can be utilized to visualize events occurring near the cell surface, such as vesicle formation during clathrin-mediated endocytosis. Electron microscopy similarly is primarily used to visualize clathrin-coated pits and vesicles near the cell surface. On the other hand, confocal fluorescence microscopy can examine the presence of Tf within early endosomes, throughout the cytoplasm, and in recycling endosomes concentrated near the perinuclear region. Experiments utilizing these techniques have shown that Tf is internalized through clathrin-mediated endocytosis and initially trafficked indiscriminately to both populations of static and dynamic early endosomes. Subsequent sorting of cargo within early endosomes induces tubular formations to separate and shuttle Tf either to recycling endosomes within the perinuclear region of the cell, or directly back to the cell surface at the plasma membrane.
Additionally, radiolabeling techniques when combined with mathematical modeling have enabled researchers to evaluate the kinetic parameters and equilibrium dissociation constants associated with Tf binding and trafficking. Several different mathematical models have been discussed in this review, which have used simplifying assumptions to allow integration and estimation of parameters from experimental data. Equilibrium dissociation constants can also be evaluated using extended incubation times in the radioactivity experiments to ensure equilibrium between binding and dissociation. Another more advanced technique to evaluate the binding and dissociation of Tf is SPR. By adjusting the experimental procedure, SPR can be used to evaluate kinetic, as well as equilibrium, binding and dissociation events. In conclusion, both qualitative and quantitative data can be used to obtain valuable information about the transferrin pathway, which in turn, can be used to identify design parameters to improve the ability of transferrin to deliver anti-cancer agents.
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Highlights
• We describe qualitative experiments using microscopy that have elucidated cellular components involved in transferrin internalization, sorting, and recycling.
• We examine quantitative experiments using radioactivity and surface plasmon resonance for Tf binding, internalization, recycling, and degradation.
• Quantitative experiments, combined with mathematical modeling, enable researchers to evaluate transferrin kinetic parameters and equilibrium dissociation constants.
• Mathematical models can be used to identify design parameters to improve the ability of transferrin to deliver anti-cancer agents. Tf is internalized via clathrin-mediated endocytosis and taken up into clathrin-coated vesicles. After the uncoating of clathrin, Tf can be found in both populations of static and dynamic early endosomes, as Tf shows no preference for either population. LDL, which follows the degradation pathway, is trafficked preferentially to dynamic early endosomes. Tubulation occurs in both populations of early endosomes which proceeds to separate from early endosomes and traffic Tf to recycling pathways. A fast recycling route takes Tf directly back to the plasma membrane. A slower recycling route delivers Tf first to the perinuclear recycling compartment before Tf is trafficked back to the cell surface. For more information, a review by Conner and Schmid [13] and Grant and Donaldson [14] describes additional information in further detail on clathrin-mediated endocytosis and recycling pathways, respectively. Both EGF and Tf separate into distinct groups while exhibiting minimal colocalization with each other. The researchers hypothesize that this early separation of ligands may be due to segregated regions of receptors in the plasma membrane that sort cargo prior to internalization. This figure from Corvera and coworkers [9] is reproduced/adapted with permission from the Journal of Cell Science. Bound, referred to as C eq in text, is the equilibrium quantity of Tf bound to TfR at the cell surface in fmol Tf bound/10 6 cells, and Free, referred to as L eq in text, is the concentration of free Tf present in the medium in μM. The equilibrium dissociation constant, K D , can be found as the negative inverse of the slope in units of nM, and the total number of receptors per cell can be calculated from the y-intercept value. This research was originally published in the Journal of Biological Chemistry [75] . © The American Society for Biochemistry and Molecular Biology. Holo-Tf binds to its receptor to initiate the pathway, which can be described by the association and dissociation constants, k a and k d . The Tf/TfR complex is then internalized with a rate constant of k int . Once inside the endosome, iron is released forming apo-Tf, and the association and dissociation constants for binding inside the endosome, k a,end and k d,end , can be evaluated. Subsequently, Tf can be transported to one of two pathways, degradation or recycling, which are described by k deg and k rec . However, apo-Tf typically is routed back to the cell surface via the recycling pathway. At the cell surface, apo-Tf is dissociated from TfR with a kinetic rate constant of k d,apo . One model discussed also takes into consideration the nonspecific binding of Tf to the cell surface, which is described by k a,ns and k d,ns .
Figure 7. Rate of Tf binding to the cell surface
Radiolabeled Tf bound to the cell surface (fmol Tf/total mg protein) over time (min) was evaluated using low temperatures (4 °C) and energy inhibitors at physiological temperature.
Inset:
The semi-log plot of (1−B t /B max ), where B t is the amount of ligand bound at time t and B max is the maximum amount of ligand bound, versus time allows for determination of the half-time of binding of Tf to the cell surface. Using the half-time, the rate constant for binding, k a , can be determined. This research was originally published in the Journal of Biological Chemistry [98] . © The American Society for Biochemistry and Molecular Biology. A 10 s pulse of 59 Fe-125 I-Tf was followed by a chase of excess unlabeled Tf. The total cell associated 59 Fe and 125 I-Tf were then measured at designated time points. Initially, a 60 s dwell period is observed in 125 I radioactivity, while the Tf is trafficked through the cell. Tf is then released from the cell with a half-time of 110 ± 14 s. In contrast, throughout the experiment, 59 Fe remains within the cell once delivered by Tf, as expected. The total cycle is completed within 260 ± 39 s. This research was originally published in the Journal of Biological Chemistry [111] . © The American Society for Biochemistry and Molecular Biology. A novel design criterion was determined using a mathematical model. When the iron release rate of Tf was reduced, an increased cellular association of the Tf mutants was observed. In vivo results showed nearly complete regression of tumor flank volume when female nude mice with established U87-derived glioma flank tumors were treated with the mutant Tf conjugated to DT, while wild-type Tf-DT conjugate only suppressed further tumor growth. From Kamei and coworkers [114] . Adapted and reprinted by permission from the American Association for Cancer Research: Yoon et al. Intratumoral therapy of glioblastoma multiforme using genetically engineered transferrin for drug delivery, Cancer Research, 2010, 70 (11), 4520-4527. Table 1 Rate constants and cycling time of the transferrin trafficking pathway. 4.33 ± 0.6 isolated rabbit reticulocytes [111] Biochim Biophys Acta. Author manuscript; available in PMC 2013 March 1.
